Introduction expression have no effect on cap-binding but instead block interactions between eIF4E and eIF4G (Haghighat Eukaryotic mRNA translation initiation is a complicated Mader et al., 1995; Altmann et al., 1997) . process involving assembly of a large protein-RNA comTherefore, the 4E-binding proteins repress cap-depenplex that directs the ribosome to the initiation codon. dent translation by inhibiting assembly of the eIF4F comLike transcription initiation, translation initiation repreplex (eIF4E, eIF4G, and eIF4A). Insulin (as well as other sents a critical, rate-limiting step at which eukaryotic hormones, mitogens and growth factors) increases progene expression is regulated in response to developtein synthesis, at least in part, by relieving the repressive mental/environmental signals (reviewed in Mathews et effect of 4E-BP1 Pause et al., 1994 Pause et al., ), al., 1996 . For example, entry into and transit through the via the phosphatidylinositol 3-kinase signal transduction G1 phase of the cell cycle are correlated with increased pathway (Manteuffel et al., 1996) . When 4E-BP1 is phosrates of translation initiation (reviewed in Sonenberg, phorylated it no longer forms a stable complex with 1996). Eukaryotic mRNAs (excluding organellar mRNAs) eIF4E, and binding of eIF4G and assembly of a functional are distinguished by the presence of a 5Ј cap structure translation initiation complex can resume (reviewed in and a 3Ј polyA tail that synergize in stimulating translaSonenberg, 1996) . tion (reviewed in Shatkin, 1976; Sachs and Wahle, 1993) . eIF4E has been the focus of considerable biochemical The cap consists of guanosine, methylated at position and genetic study. After its identification (Sonenberg et 7, connected by a 5Ј-to-5Ј triphosphate bridge to the al., 1978) and initial purification (Sonenberg et al., 1979) , cDNAs encoding eIF4E were cloned from various eufirst nucleotide of the mRNA [7-methyl-G(5Ј)ppp(5Ј)N, karyotes. Sequence comparisons revealed a phylogewhere N is any nucleotide].
netically conserved 182 amino acid C-terminal portion In the most general case (cap-dependent translation), (Figure 1 ). In contrast, the N terminus varies in length, shows little or no conservation among different organisms, and is not required for cap-dependent translation § To whom correspondence should be addressed.
Figure 1. eIF4E Sequence Alignments
Sequence alignments of eIF4E from mouse , human (Rychlik et al., 1987) , rat (Miyagi et al., 1995) , rabbit (Rychlik and Rhoads, 1992) , Xenopus laevis (Wakiyama et al., 1995) , Drosophila melanogaster (Hernandez and Sierra, 1995) , Saccharomyces cerevisiae (Altmann et al., 1987) , Schizosaccharomyces pombe (Ptushkina et al., 1996) , and wheat germ (Metz et al., 1992) , with their respective sequence numbers. The secondary structural elements were assigned from the X-ray structure. Boldface W indicates absolutely conserved tryptophan. Functional classifications: boldface s, stacking tryptophan; boldface g, hydrogen bonded to guanine; boldface r, stabilizing Arg-157; boldface p, interaction with phosphate groups of 7-methyl-GDP; boldface m, van der Waals interaction with methyl group of 7-methyl-GDP; asterisk, site of phosphorylation in vivo at Ser-209. Environment classification: ϭ, solvent-accessible side chain.
in vitro (see below). Our current structural knowledge Results and Discussion of eIF4E is limited to results from site-directed mutagenesis (see below), and a photoaffinity labeling study Conserved C Terminus of eIF4E Supports Translation Initiation and Binding to 4E-BP1 (Friedland et al., 1996) . The immediate challenge facing structural biologists interested in understanding transla- Figure 2A illustrates the results of mass spectrometry of full-length murine eIF4E following protease digestion. tional regulation of gene expression is to establish the mechanistic bases for eIF4E's interactions with the This combination of classical biochemistry and high resolution mass spectrometry is extremely useful for identimRNA 5Ј cap, translation initiation factors, and regulatory proteins.
fying domains within proteins (reviewed in Cohen, 1996) . The majority of the V8 protease and subtilisin cleavage Here, we present the 2.2 Å resolution X-ray structure of the mRNA 5Ј cap-binding protein murine eIF4E bound sites in eIF4E map to its divergent N terminus ( Figure  2A ), suggesting that the conserved C-terminal portion to a cap analog (7-methyl-GDP). Our work provides the structure of a eukaryotic translation initiation factor and corresponds to a proteolytically resistant globular structure. N-terminal truncation of murine eIF4E [eIF4E(28-of a protein recognizing an alkylated base. The ␣/␤ protein resembles a cupped hand, and consists of a curved, 217)] yields a functionally active protein ( Figure 2B ). Moreover, this form of eIF4E binds to the cap structure antiparallel 8-stranded ␤ sheet backed by three long ␣ helices. The concave basal surface contains a narrow with the same affinity as full-length murine (data not shown) and interacts with 4E-BP1 (data not shown). cap-binding slot, where the side chains of two conserved tryptophans support recognition of 7-methylConcordant results have been obtained in Saccharomyces cerevisiae. Deletion of the first 29 residues of GDP. Guanine recognition is mediated by three hydrogen bonds, involving a backbone amino group and the yeast eIF4E gave a protein that supports growth of eIF4E-deficient yeast (Vasilescu et al., 1996) , and fullside chain of a conserved glutamate, and a van der Waals contact with another conserved tryptophan. This length murine eIF4E substitutes for its yeast counterpart in vivo . Together, these data sugstructure explains how eIF4E can recognize the mRNA 5Ј cap during the first step of translation initiation in gest that the divergent N-terminal portion of eIF4E is dispensable for cap recognition, binding to the 4E-BPs, eukaryotes and demonstrates that the molecule possesses a phylogenetically conserved surface.
and stimulation of cap-dependent translation. At pres-
The eIF4E-7-methyl-GDP complex structure was determined via multiwavelength anomalous dispersion (Hendrickson, 1991) (Table 1) . Experimental phases obtained at 2.5 Å resolution gave a high quality electron density map, which was further improved by density modification, noncrystallographic averaging, and phase combination. The current refinement model has an R factor of 20.9% and a free R value of 27.7% (Brü nger, 1993A) at 2.2 Å resolution.
Structural Overview
The three-dimensional structure of eIF4E is illustrated schematically in Figures 2C and 3 . The molecule is shaped like a cupped hand with dimensions 41 Å (width) ϫ 36 Å (height) ϫ 45 Å (depth) and consists of one ␣/␤ domain. Secondary structural elements include three long and one short ␣ helices and an 8-stranded, antiparallel ␤ sheet, arranged in the order S1-S2-H1-S3-S4-H2-S5-S6-H3-S7-H4-S8 ( Figure 2C ). Figures 3A-3D show the eIF4E fold with its 7-methyl-GDP ligand. The 8 ␤ strands are arranged in space in the order S2-S1-S3-S5-S6-S4-S7-S8, making a curved, antiparallel ␤ sheet ( Figures 3A and 3B ). The three long ␣ helices (H1, H2, and H3) lie almost parallel to the strand direction and top the ␤ sheet ( Figures 3C-3D ). The narrow ligandbinding cleft (cap-binding slot) is generated by the concave surface of the ␤ sheet, the short ␣ helix (H4), and the loop between strands S1 and S2. It is closed at one end by the loop connecting strands S3 and S4, and open at the other ( Figures 3A-3C ).
The two eIF4E-7-methyl-GDP complexes comprising the crystallographic asymmetric unit are related by a noncrystallographic 2-fold rotation (data not shown). They are very similar, with root-mean-square (rms) deviations between ␣-carbon atomic positions of 0.5 Å . Packing interactions between the complexes are mediated by salt bridges, hydrogen bonds, and van der Waals interactions. Hydrodynamic studies of murine eIF4E showed that it is monomeric at concentrations of tease and subtilisin were used to probe the domain structure of To the best of our knowledge, eIF4E(28-217) repreeIF4E (Cohen, 1996) . The polypeptide chain is represented schematsents a novel protein fold. A search using the Dali server ically (the solid portion represents the N-and C-terminal limits of the construct used for structure determination), with large arrows (Holm and Sander 1993) posed of two ␣ helices topping a four-stranded antipar-(C) Schematic drawing of the secondary structure of murine eIF4E(28-217). ␣ helices (H) are shown as rectangles and ␤ strands allel ␤ sheet, gave a Z score of 3.2. Comparison of the (S) are shown as arrows, with the residues numbers denoting the structure of eIF4E with that of VP39 (Hodel et al., 1996) limits of each secondary structural element.
suggests that these two cap-binding proteins do not share a common ancestor. In addition, structure/sequence comparisons between eIF4E and components ent, there is no known function for the N terminus of of the nuclear cap-binding protein complex involved in eIF4E in any eukaryote.
pre-mRNA splicing (reviewed in Izaurralde et al., 1994) do not reveal any similarity. Crystallization and Structure Determination eIF4E(28-217) yielded high quality cocrystals with 7-methyl-GDP, which contain two crystallographically Sequence Comparison of eIF4E Figure 1 documents that 66% of eIF4E's C-terminal 182 independent copies of the 1:1 protein-ligand complex in the asymmetric unit (see Experimental Procedures).
residues are highly conserved. Without exception, all 61 Phasing power ϭ rms (ԽF H Խ/E), ԽF H Խ ϭ heavy atom structure factor amplitude, and E ϭ residual lack of closure. rms bond lengths and rms bond angles are the respective root-mean-square deviations from ideal values. rms thermal parameter is the rootmean-square deviation between the B values of covalently bonded atomic pairs. Free R-factor was calculated with 10% of data omitted from the structure refinement.
sites at which a significant number of differences occur Structure of eIF4E-Bound 7-methyl-GDP Figure 4 illustrates the structure of eIF4E-bound map either to the surface of eIF4E(28-217), where muta-7-methyl-GDP (for clarity all 7-methyl-GDP atom names tions are tolerated, or represent conservative changes of appear in italics in the text and in italics and lower case buried residues unlikely to destabilize the hydrophobic in the labeling of Figures 4A-4C ). The electron density for core. Insertions and deletions in the nine published the cap homolog is well-defined in both protein-ligand eIF4E sequences aligned in Figure 1 map to random coil complexes ( Figure 4A ), and the two crystallographically portions of the structure of eIF4E(28-217), where they independent copies of 7-methyl-GDP are similar (rms would not disrupt ␣ or ␤ secondary structural elements.
deviation between equivalent atoms ϭ 0.4 Å ). The ligand The remarkable level of sequence identity and the patis bound to eIF4E in an extended conformation with an tern of amino acid differences across phylogeny allow anti-glycosyl C1Ј-N linkage ( ϭ Ϫ160Њ) and a C4Ј-exo us to conclude that all known eIF4Es share the same ribose pucker (pseudorotation angle ϭ 53Њ). The orientathree-dimensional structure in their conserved C-termition about the C4Ј-C5Ј bond is gauche,gauche (O5Ј-C5Ј-nal region (Sander and Schneider, 1991) . Subsequent C4Ј-O4Ј torsion angle ϭ Ϫ78Њ; O5Ј-C5Ј-C4Ј-C3Ј torsion discussions of functional studies make no distinction angle ϭ 35Њ). The two phosphate groups (␣ and ␤) also between different eIF4Es (murine eIF4E sequence numadopt an extended conformation. This ligand conformabers are used throughout, see Figure 1 for conversions tion is similar to that observed for 7-methyl-GMP interto other sequence numbering schemes). The results of acting with L-Trp-L-Glu (Ishida et al., 1991) . The only site-directed mutagenesis with various eIF4Es are consignificant difference between the two nucleotide strucsistent with our structure. Substitution of each of the tures is the ribose pucker, which is C3Ј-exo in the comfive conserved, buried tryptophan residues (43, 46, 113, plex with L-Trp-L-Glu. This difference can be readily 130, and 166) with Leu abolished or drastically reduced explained in terms of ribose torsion angle flexibility, becap binding (Morino et al., 1996) . Less severe effects cause there is only one protein-ligand interaction involvon cap binding were observed with replacement of either ing the ribose group (see below). Trp-46 or Trp-130 with Phe (Altmann et al., 1988) . Reductions in cap-binding affinity were also obtained with 7-Methyl-GDP Binding Gly-111→Asp and His-
The structure of the murine eIF4E(28-217)-7-methyl200→Ala (Morino et al., 1996) , which would both destabi-GDP complex represents an example of a protein bound lize the hydrophobic core.
to an alkylated base. (For reviews of protein-DNA and The first 27 amino acids of murine eIF4E were omitted protein-RNA complex structures, see Nagai, 1996; Patifrom the crystallization sample. In one half of the asymkoglou and Burley, 1997.) 7-methyl-GDP contacts are metric unit, residues 28-35 are not visible in the electron completely restricted to the basal surface of eIF4E density maps and are almost certainly disordered in one , where the cap homolog lies in the cap-binding of the crystal's solvent channels. Given the results of slot ( Figures 3A-3C ). Although their crystal lattice envithe mass spectrometry/proteolysis study (Figure 2A) , ronments are not the same, the two crystallographically we suggest that the first 35 amino acids of murine independent eIF4E-nucleotide complexes make eseIF4E are disordered in the absence of other proteins.
sentially identical protein-ligand interactions, burying In the other half of the asymmetric unit, residues 28-35 portions of both the protein and 7-methyl-GDP surare stabilized by lattice-packing interactions that are faces (total buried surface area/eIF4E-7-methyl-GDP probably unique to this particular crystalline state of complex ϭ 610 Å found within each protein-ligand interface. These trapped waters are common to both complexes, creating similar hydrogen-bonded networks of water molecules bridging the gap between the protein and the ribose and phosphate groups (see below). The alkylated base interacts primarily with the S1-S2 and S3-S4 loops (see below), where it is sandwiched between the side chains of two conserved tryptophans . This mode of side chain-base interaction was correctly predicted from the results of small molecule crystallographic work on model systems (Ishida et al., 1983 (Ishida et al., , 1988 (Ishida et al., , 1991 and fluorescence studies with eIF4E (Ueda et al., 1992) . It can be explained in terms of enhancement of -stacking enthalpy, because of charge transfer between the electron-deficient 7-methyl-guanine (which carries a delocalized positive charge secondary to methylation) and the electron-rich indole groups. (For a detailed quantum mechanical analysis of the energetics of stacking interactions between indole and 7-methyl-guanine, see Ishida et al., 1988 .) Not surprisingly, Trp-56→Leu and Trp-102→Leu abolished cap binding Morino et al., 1996) , whereas substitutions that preserve the side chain -electron cloud (Trp-56→Phe and Trp-102→Phe) only reduce cap-binding activity by 50% or more (Altmann et al., 1988) .
The N7 methyl group and O6 are oriented toward the floor of the cap-binding slot, where O6 makes a hydrogen bond with the backbone amino group of Trp-102. N1 and N2 emerge from between the two tryptophan side chains, where they make hydrogen bonds with the carboxylate oxygen atoms of Glu-103 (see below). Substitution of this residue with Ala also abolishes cap binding (Morino et al., 1996) . Thus, eIF4E serves as a receptor for 7-methyl-guanine by satisfying the hydrogen bonding requirements for Watson-Crick base pairing provided by cytidine (a donor plus two acceptors). The N7-methyl group makes a van der Waals contact with the side chain of Trp-166 (see below). It is remarkable that both -stacking and similar hydrogen bonding interactions were observed between 7-methyl-GMP and L-Trp-L-Glu using small-molecule crystallography (Ishida et al., 1991) . There is no significant electron density for O3Ј, which is consistent with the ribose ring being conformationally flexible in the complex. The view of the ligand is identical to those shown in (B) and Figure 3B. (B) RIBBONS drawing of 7-methyl-GDP in the cap-binding slot of eIF4E, showing selected residues involved in cap-analog recognition. Hydrogen bonds, van der Waals interactions, and salt-bridges are indicated with dotted lines. The three bridging water molecules are shown as black spheres, labeled 1, 2, and 3. This view is identical to that shown in (A). (C) RIBBONS drawing of 7-methyl-GDP in the cap-binding slot. This view is identical to that shown in Figures 3A and 5A , and perpendicular to the view in (B).
The ribose and disphosphate moieties extend away group, and between N1 and N2 and a conserved acidic residue. However, they cannot bind 7-methyl-guanine from the methylated purine toward the entrance to the cap-binding slot, terminating shortly before the end of because N7 is used as a hydrogen bond acceptor in complexes with GTP-binding proteins. (The N7 methyl the ␤ sheet ( Figures 3A, 4B, and 4C ). The plane of the ribose group lies almost perpendicular to the plane of group makes van der Waals contact with Trp-166 of eIF4E.) The hydrophobic GTP-binding cleft also differs the alkylated base with its O2Ј and O3Ј hydroxyl groups directed out to the solvent, and O4Ј pointing toward from the cap-binding slot, and this finding may explain why eIF4E requires guanine alkylation to form a tight Trp-56. The positions of the ribose and phosphate groups are stabilized by salt bridges and water-mediprotein-ligand complex. GTP-binding proteins sandwich guanine between various aliphatic side chains, but ated hydrogen bonds.
Interatomic contacts between eIF4E(28-217) and none of these residues are capable of -stacking with a positively charged alkylated base. 7-methyl-GDP can be divided into four classes (Figures 4B and 4C ): (i) sandwiching of the alkylated base between Trp-56 and Trp-102 (interplanar distances ϭ Implications for mRNA 5 Cap Recognition 3.5-3.6 Å ); (ii) residues making hydrogen bonds or van This work provides a high resolution view of a protein der Waals contacts with 7-methyl-guanine, including recognizing an mRNA 5Ј cap analog. More importantly, Trp-102 (N-O6 ϭ 2.7 Å ), Glu-103 (OE1-N1 ϭ 2.9 Å ; the murine eIF4E(28-217)-7-methyl-GDP cocrystal struc-OE2-N2 ϭ 2.7 Å ), and Trp-166 (CH2-C7 ϭ 3.7 Å ); (iii) ture reveals protein-ligand interactions that are entirely direct interactions between the ribose and diphosphate compatible with the primary sequences of all known moieties and the protein, including Trp-56 and the ribose eIF4Es. Without exception, the four residues making group (CG-C1Ј ϭ 3.7 Å ), Arg-157 and ␣-and ␤-phoscontacts with 7-methyl-guanine (Trp-56, Trp-102, Gluphate oxygen atoms (NH2-P␣O1 ϭ 3.0 Å ; NE-P␤O1 ϭ 103, Trp-166) are absolutely conserved among all pub-3.1 Å ), and Lys-162 and ␣-and ␤-phosphate oxygen lished eIF4E sequences (Figure 1 ). Of the three residues atoms (NZ-P␣O3 ϭ 3.1 Å ; NZ-P␤O2 ϭ 2.9 Å ) [The posithat interact with the two phosphate groups, Arg-157 is tion of Arg-157 is stabilized by a salt bridge with Aspabsolutely conserved. The same is true of Asp-90, which 90 (OD1-NH2 ϭ 2.8 Å ).]; and (iv) two residues projecting stabilizes the position of Arg-157 via a salt bridge. The from the floor of the cap-binding slot make water-mediremaining two residues (Arg-112, Lys-162) make either ated contacts with 7-methyl-GDP via three of the nine direct or water-mediated contacts with phosphates, and water molecules trapped between the ligand and the are either arginine or lysine in the sequences listed in protein. These three bridging waters are found in virtu- Figure 1 . Thus, we believe that the mode of 7-methylally the same relative positions in the two crystallograph-GDP binding observed in our cocrystal structure is comically independent complexes comprising the asymmetmon to all known eIF4Es. ric unit. Trp-166 plus two water molecules interacts with Our eIF4E-7-methyl-GDP cocrystal structure is also one of the ␣-phosphate oxygen atoms (NE1-H2O1 ϭ compatible with the results of all published binding stud-3.0 Å ; H2O1-H2O2 ϭ 2.8 Å ; H2O2-P␣O2 ϭ 3.1 Å ). Argies carried out with cap analogs or mRNAs bearing modi-112 plus another water molecule interacts with the oxyfied 5Ј caps. Although N7-methylation of guanine is esgen atom that provides the ester linkage between the sential for cap recognition in vivo (GMP, GDP, and GTP two phosphorous atoms (NZ-H2O3 ϭ 2.4 Å ; H2O3-are ineffective competitors, see Darzynkiewicz et al., P␣O3 ϭ 3.2 Å ). O4Ј is oriented toward the walls of the 1985), a variety of N7 substituents support eIF4E binding cap-binding slot, and O2Ј, O3Ј, O5Ј and P␤O3 are solvent in vitro (Darzynkiewicz et al., 1989) . Substitution of the accessible and appear to make hydrogen bonds with methyl group at N7 with either ethyl, benzyl, or 2-phenywater molecules in the first shell of hydration.
lethyl yields cap analogs that inhibit cap-dependent Earlier work demonstrating a pH optimum of 7.6 for translation initiation. Conversely, propyl, isopropyl, bumRNA cap binding/translation and measurement of a tyl, isobutyl, cyclopentyl, carboxymethyl, and 1-phenypKa of 7.4 for the N1 proton of 7-methyl-GTP in translalethyl substituents have no effect on translation. Furthertion buffer (Rhoads et al., 1983) , lead to suggestions more, mRNA caps modified at N7 with either benzyl or that the enolate form of 7-methyl-guanine (in which N1 ethyl groups support translation in vitro (Furuichi et al. is deprotonated) may be recognized by eIF4E. Our co-1979; Darzynkiewicz et al., 1989) . Model building studies crystal structure shows conclusively that eIF4E recogwith our structure (data not shown) suggest that ethyl, nizes the keto form of 7-methyl-GDP, because the N1 benzyl, or 2-phenylethyl moieties can fit in the waterproton is required for hydrogen bond donation to Glufilled cavity found between 7-methyl-GDP and eIF4E. 103. Presumably, the chemical microenvironment proThese predictions are supported by earlier findings that vided by the negative charge of Glu-103 increases the 7-benzyl-G capped mRNA is translated at almost twice pKa of the N1 proton in its eIF4E-bound state.
the level of normally capped mRNA (Darzynkiewicz et Finally, the structure of the protein-7-methyl-GDP al., 1989), which can be explained in terms of extrusion complex explains why guanine, GMP, GDP, and GTP of additional water molecules from the protein-ligand do not competitively inhibit translation initiation. Unlike interface giving a higher entropy change on binding and eIF4E, the GTP-binding proteins (Ras p21, EF-Tu, ARF1, hence a higher affinity for eIF4E. and the heterotrimeric G proteins) share a core domain, Modifications that abolish or reduce eIF4E binding consisting of five ␣ helices and a six-stranded ␤ sheet include the following: substitution of O6 with a chlorine (reviewed in . Interactions beatom (Adams et al., 1978) , precluding the Trp-102-O6 tween GTP-binding proteins and guanine do include hydrogen bonds between O6 and a backbone amino hydrogen bond; methylation of the N1 position of 7-methyl-GDP (Adams et al., 1978) , eliminating the Glu-103-N1 hydrogen bond; double methylation of N2 (Darzynkiewicz et al., 1988) or removal of N2 giving 7-methyl-inosine (Adams et al., 1978; Ueda et al., 1992) , preventing formation of the Glu-103-N2 hydrogen bond; reduction of 7-methyl-GDP to 8-hydro-7-methyl-GDP (Adams et al., 1978) , which would reduce the delocalized positive charge on the alkylated base. Substitutions that affect solvent-accessible portions of 7-methyl-GDP and have little or no effect on cap binding and/or translation include: single methylation of N2 (Darzynkiewicz et al., 1988) ; O2Ј or O3Ј methylation (Darzynkiewicz et al., 1985) ; removal of the 2Ј hydroxyl group (Darzynkiewicz et al., 1985) ; and methylation of the ␤-or ␥-phosphate groups (Darzynkiewicz et al., 1985) . The eIF4E-7-methyl-GDP cocrystal structure is also consistent with the well-established finding that mRNA binding is not affected by the identity of the base following the cap (reviewed in Shatkin, 1976) . The electrostatic potential surface of the cap-binding slot, illustrated in Figure 5A , reveals that the binding surface can be divided into three portions. At the slot's deepest point, the presence of Glu-103 is responsible for the calculated negative electrostatic potential (denoted in red), which would partially neutralize the positive charge on the alkylated base. Where the ribose moiety binds in the middle of the slot, the calculated electrostatic potential is neutral (denoted in white), because of the hydrophobic character of Trp-56, Trp-102, and Trp-166. At the entrance to the slot, Arg-112, Arg-157, and Lys-162 generate the calculated positive electrostatic potential (denoted in blue), which partially neutralizes the two phosphate groups of 7-methyl-GDP. Figure 5A shows that the positively charged slot extends beyond the limits of the ligand used in this work, suggesting a chemically reasonable binding site for the ␥-phosphate groups of 7-methyl-GTP or 7-methyl-G(5Ј)ppp(5Ј)N. (See Figure  5A for a hypothetical path for the mRNA.) Figure 5A also illustrates the location of Ser-209, which is phosphorylated in response to treatment of cells with growth factors, hormones, and mitogens (reviewed in Sonenberg, 1996) . Although our cocrystal structure does not include either a phosphate group at Ser-209 or 7-methyl-G(5Ј)ppp(5Ј)N, the structure does provide sufficient information with which to propose a constants of 80 and 2 for solvent and protein, respectively (Gilson et al., 1988) . (A) Cap-binding surface of eIF4E, showing 7-methyl-GDP in the capbinding slot. The surface is color coded for electrostatic potential and labeled with the locations of selected residues involved in capanalog recognition . This view is identical to that shown in Figure 3A . The putative path of an mRNA ligand is indicated with a yellow arrow, which is shown passing between Ser-209 and Lys-159. Figure 5 . Surface properties of eIF4E (B) Convex dorsal surface of eIF4E, showing green color-coded GRASP (Nicholls et al., 1991) representations of the chemical proplocations of surface accessible residues that are absolutely conerties of the solvent-accessible surface of eIF4E calculated using a served among all nine known sequences of eIF4E (see Figure 1) . water probe radius of 1.4 Å . For clarity, residues 28-35 have been This view is identical to that shown in Figure 3D . omitted. The surface electrostatic potential is color coded red and (C) Solvent-accessible surface of the convex face of eIF4E, color blue, representing electrostatic potentials ϽϪ8 to Ͼϩ8 kBT, where coded for electrostatic potential and labeled with the locations of kB is the Boltzmann constant and T is the temperature. The calculaabsolutely conserved solvent-accessible residues. This view is identions were performed with an ionic strength of 0 and dielectric tical to those shown in (B) and Figure 3D . , 1996) . Our current census of RNA-protein complexes chain could adopt a conformation that would bring its positively charged amino group to within 7.5 Å of the includes the RNA bacteriophage MS2 coat protein interacting with a 19-nucleotide hairpin (Valegard et al., hydroxyl group of Ser-209. In addition, electron density for the H4-S8 loop is only seen in one of the two eIF4E-1994), and the RNA-binding domain of the UA1 spliceosomal protein complexed with a 21-nucleotide hairpin 7-methyl-GDP complexes comprising the asymmetric unit (see Experimental Procedures), suggesting that this (Oubridge et al., 1994) . Although MS2, U1, and eIF4E are all ␣/␤ proteins, the RNA-binding surfaces of MS2 portion of the polypeptide chain is relatively flexible. Therefore, phosphorylation of Ser-209 could generate and U1 are large, relatively flat ␤ sheets to which the stem and loop of the hairpin are approximated. In cona salt bridge with Lys-159, which would introduce a retractable bridge covering the cap-binding slot near its trast, the "RNA-binding site" in eIF4E is a narrow slot that interacts with a single-stranded nucleic acid ligand. entrance ( Figure 5A ). Phosphorylated Ser-209 and Lys-159 might together act as a clamp, which would help stabilize the mRNA in the cap-binding slot. A similar Conclusion effect has been observed in carboxypeptidase A, where
In conclusion, the three-dimensional structure of this Tyr-248 acts as a retractable cover for ligands bound highly unusual protein-nucleic acid complex explains in the active-site cleft (reviewed in Christianson and the 5Ј mRNA cap-binding properties of eIF4E. Our work Lipscomb, 1988 ). The proposed model of mRNA-binding also provides a starting point for further crystallostabilization following phosphorylation is consistent graphic, biochemical, and genetic studies of eIF4E and with an earlier report that phosphorylated eIF4E exhibits its role in translation initiation. In particular, these results a 3-to 4-fold increase in 7-methyl-GTP binding activity, should aid directed, systematic analyses of the mechacompared with its nonphosphorylated form (Minich et nisms by which eIF4E recognizes other translation initiaal., 1994) . This enhanced intermolecular interaction untion factors (i.e., eIF4G) and the 4E-binding proteins. derscores the importance of regulation of eIF4E activity by phosphorylation under conditions of growth stimu-
Experimental Procedures

lation.
Protein Preparation and Crystallization
Full-length murine mRNA 5Ј cap-binding protein [eIF4E(1-217)] was eIF4E-Translation Factor Interactions expressed in E. coli and purified to homogeneity via 7-methyl-GDP The cocrystal structure of eIF4E also provides a basis affinity chromatography (Edery et al., 1988) . Mass spectrometry docfor analyzing contacts between eIF4E and proteins that complex with the three-dimensional structures of other Data Collection, Structure Determination, Altmann, M., Schmitz, N., Berset, C., and Trachsel, H. (1997 (1996) . Domain elucidation by mass spectrometry. Structure 4, 1013-1016. at 2.5 Å resolution via a multiple isomorphous replacement/anomalous scattering strategy using MLPHARE (Z. Otwinowski) with three Darzynkiewicz, E., Ekiel, I., Tahara, S.M., Seliger, L.S., and Shatkin, of the wavelengths treated as derivatives and one ( 2) G differ in intrinsic translation efficiency. Nucleic Acids ‫%59ف‬ of the residues could be built into the electron density map
Res. 16, 8953-8962. using the program O (Jones et al., 1991) . Model building interspersed
Darzynkiewicz, E., Stepinski, J., Ekiel, I., Goyer, C., Sonenberg, N., with positional and simulated annealing refinement (Brü nger, 1993b) Temeriusz, A., Jin, Y., Eijuwade, T., Haber, D., and Tahara, S.M. permitted location of 7-methyl-GDP and an unambiguous trace and (1989). Inhibition of eukaryotic translation by nucleoside 5Ј-monosequence assignment of eIF4E.
phosphate analogues of mRNA 5Ј-Cap: changes in N7 substituent The current refinement model consists of eIF4E residues 36-207 affect analogue activity. Biochemistry 28, 4771-4778. and 212-217 plus 7-methyl-GDP (complex 1), and eIF4E residues Edery, I., Altman, M., and Sonenberg, N. (1988) . High-level synthesis 28-217 plus 7-methyl-GDP (complex 2), and 130 water molecules.
in Escherichia coli of functional cap-binding eukaryotic initiation All illustrations of eIF4E are derived from complex 2, with residues factor eIF-4E and affinity purification using a simplified cap-analog 28-35 omitted for clarity. The electron density for the polypeptide resin. Gene 74, 517-525. backbone is everywhere continuous at 1.3 in a (2|F observed| Ϫ Friedland, D.E., Shoemaker, M.T., Xie, Y., Wang, Y., Hagedorn, C.H., |F calculated|) difference Fourier synthesis. PROCHECK (Laskowski et and Goss, D.J. (1996) . Identification of the cap binding domain of al., 1993) revealed 2/365 unfavorable (,) combinations and mainhuman recombinant eukaryotic protein synthesis initiation factor 4E chain and side-chain structural parameters consistently better than using a photoaffinity analogue. Prot. Sci. 6, 125-131. those expected at 2.2 Å resolution (overall G factor ϭ 0.15). A full Furuichi, Y., Morgan, M.A., and Shatkin, A.J. (1979) . Synthesis and account of the refinement at the diffraction limit will be published translation of mRNA containing 5Ј-terminal 7-ethylguanosine cap. elsewhere. Atomic coordinates and structure factor amplitudes will J. Biol. Chem. 254, 6732-6738. be submitted to the Brookhaven Protein Data Bank.
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